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Introduction
Microalloyed steels containing niobium (Nb), titanium (Ti) and vanadium (V) either added individually or in combination provide an attractive balance between superior strength and good toughness suited for construction industries [1] [2] [3] [4] . If the second phase fraction is relatively low, four strengthening mechanisms will operate in microalloyed steels: grain boundary, solid solution, precipitation strengthening and work hardening [1, [5] [6] [7] [8] . There is a direct relationship between refinement of ferrite microstructure and condition of austenite (grain size, density of dislocations, deformation bands, and twins) prior to the transformation to ferrite [9] [10] [11] . The condition of austenite affects the ferrite nucleation at prior austenite grain boundaries and other defects in the austenite matrix. Alloying elements play a vital role in refining the austenite grain size and accumulation of defects in the matrix by retarding restoration processes such as recovery and recrystallization. Nb and Mo are the most effective elements among other alloying elements that obstruct the restoration processes, whether they are in the form of solute atoms and/or carbonitride particles (e.g. Nb (C, N)) [12] [13] [14] [15] [16] [17] . Thus, in microalloyed steels it is necessary to examine the high temperature stress-strain behaviour to understand the state of austenite prior to its transformation to ferrite. The objectives of this paper were to investigate the effects of microalloying elements additions on (i) hot flow behavior, (ii) non-recrystallization (Tnr), austenite to ferrite start (A3) and finish (A1) temperatures, and (iii) ambient temperature microstructure and hardness.
Materials and experimental techniques
Three microalloyed steels (Table 1) designated as MoNbV (containing increased Nb and Mo) , NbV (increased Nb and decreased Mo) and High V (increased V) steels were melted in a 60 kg induction furnace and cast as 75×100×150 mm blocks by Hycast Metals Pty, Sydney. The blocks were homogenised at 1250 °C for 30 h, to equalize chemical composition, then forged at Granger Forge & Engineering, Sydney, in the temperature range of 1250-900 °C along the 100 mm side to 28 mm plate thickness, to assure 3.5 times reduction of the as-cast microstructure. The forged plates were cut into standard 20×15×10 mm Gleeble samples. Multi-hit compression tests were carried out using Gleeble 3500 thermomechanical simulator to determine Tnr, A3 and A1 temperatures according to the schedule presented in Fig. 1a . Constant strain of 0.1 at strain rate of 5 s -1 was applied in each deformation cycle. The mean flow stress (MFS) in each deformation cycle was calculated using Eq. 1 [18] .
where εa and εb are the lower and upper strain values in a particular pass and σ is the stress in this pass. Tnr, A3 and A1 temperatures were determined using points of substantial MFS deviation on the MFS vs inverse temperature graphs (Fig. 1b) . Based on Tnr and A3 temperatures of the steels investigated, four pass thermomechanical processing schedule (TMP) was designed (Fig. 1c) . For the analysis of high temperature stressstrain behavior, the hot stress-strain curves were approximated by a 9 th order polynomial fit. After TMP, the samples were cut perpendicular to the transverse direction (TD), then polished and etched using 2% Nital solution. The microstructures were examined in the mid-thickness position between the compression anvils using field emission gun scanning electron microscope JEOL JSM-7001F. Secondary electron images were taken at 15 kV of accelerating voltage, while the particle analysis was carried out at 6 kV of accelerating voltage (to reduce the beam-matrix interaction volume and improve the accuracy of chemical analysis). Vickers hardness was measured using a Struers EmcoTest DuraScan-70 hardness tester applying 0.5 kgf load. 
Results and discussion

Hot deformation behavior
Multi-hit compression tests (Fig. 1a) have shown Tnr in the MoNbV and NbV steels being 25 °C higher compared to the High V steel (Table 2 ). This resulted from a higher Mo and Nb contents in MoNbV and NbV steels. Both Mo and Nb retard recrystallization either by solute drag effect or by precipitates [19] , such as (Nb,Mo)(C,N) and Nb(C,N) found in MoNbV and NbV steels. In order to evaluate the effect of steel composition on hot deformation behavior of steels, equivalent stress-strain curves at 1100 °C, 950 °C and 850 °C were plotted (Figs. 2a-c) . In all studied conditions, the stress at first increased with increasing strain, due to work hardening. After reaching a peak, the stress decreased with increasing strain due to softening. With an increase in Nb and Mo contents, the peak stress values increased for all set temperatures due to increased solid solution and precipitation strengthening contributions (Table 2) . With a decrease in deformation temperature, the stress-strain curves moved upwards along the stress axis and the Young's modulus for all the steels increased from about 2.3 GPa at 1100 °C to 4.6 GPa at 950 °C and to 9.0 GPa at 850 °C due to slower recovery of sub-structure. Figure 2 . Equivalent stress-strain curves at (a) 1100 °C, (b) 950 °C, and (c) 850 °C and double derivative vs equivalent stress curves at (d) 1100 °C, (e) 950 °C and (f) 850 °C.
In order to study the softening phenomenon, the double differentiation method [20] was employed. For all studied temperatures, the -(dθ/dσ) vs σ curves showed one minima (Fig. 2d-f) . These minima points, indicating the onset of dynamic recrystallization (DRX) at 1100 to 950 C and dynamic transformation to ferrite (DT) at 850 C, were used to determine the critical stress (σc). Corresponding critical strain (εc) was obtained from Figs. 2a-c. With an increase in microalloying, εc and σc of DRX increased (Table 2) , which is in line with the effects of Mo and Nb atoms and precipitates on retardation of recovery and recrystallization. For each steel, the critical stress for DRX increased with the temperature decrease from 1100 to 950 C. The DRX was not completed at either temperature as there is no characteristic stress plateau present on the curves (Figs. 2a-c) . However, metadynamic recrystallization could have taken place during the cooling after deformation at 1100 °C. Although the A3 temperature for MoNbV steel is 25 C below the deformation temperature of 850 C, the occurrence of DT at the temperatures well above the orthoequilibrium temperature (Ae3) was observed previously [21] [22] [23] . It is known that, alloying elements such as Mo, Mn, Nb, V and Cr are profoundly involved in restraining DT of ferrite. Alloying elements segregate to austenite grain boundaries and reduce their energy -as a result, transformation driving force for DT decreases [24] . However, Nb can exhibit opposite effects on DT depending on its state. In solution, Nb decreases DT in the same way as other elements do, by segregating to austenite grain boundaries. Precipitation of Nb as (Nb,Mo)(C,N) and (Nb)(C,N) lowers the content of Nb, Mo, C and N in solution [25] . Consequently, the transformation driving force for DT increases [24] . Figure 3 shows the SEM micrographs of the steels investigated. After coiling at 600°C for 900 s, the microstructure in all steels consisted of polygonal ferrite (PF) and a fraction of granular bainite (GB). The ferrite grain size distribution was bimodal in all steels. Two ferrite size ranges were identified: <5 μm and >5 μm (Table 3) . In each range, the average ferrite grain size was smaller in the MoNbV and NbV steels, compared to the High V steel. This might originate from a smaller prior austenite grain size in the Mo-and Nb-microalloyed steels related to the effect of solute atoms and precipitates on the retardation of austenite grain growth in these steels. Inhomogeneity of ferrite microstructures could arise from three major causes: (i) bimodal prior austenite microstructure following partial DRX, (ii) non-uniform distribution of Nb and Mo solute atoms and their precipitates, (Nb,Mo)(C,N) in MoNbV steel and (Nb)(C,N) in NbV steel; and (iii) partial dynamic transformation of austenite to ferrite. The GB area fraction increased with microalloying (Table 3) . This can be explained by increased hardenability in Mo [26, 27] and Nb [19, 28] containing steels.
Ambient temperature microstructure and hardness
(a) (b) (c) Figure 3 . SEM images of microstructure of (a) MoNbV (b) NbV and (c) High V steels:
PF -polygonal ferrite, GB -granular bainite. Particle precipitation was studied using SEM imaging and EDS (Figure 4 ). In accordance with steel compositions, (Nb,Mo)(C,N) particles were observed in the MoNbV steel, Nb(C,N) in the NbV steel and Fe3C in the High V steel. Based on the particle sizes (Table 3) , these precipitates presumably formed in austenite, possibly at 950 C or lower, thus restricting DRX of austenite and assisting the DT of ferrite at 850 °C. The presence of Mo in the MoNbV steel increased Nb solubility in austenite, which could refine the (Nb,Mo)(C, N) precipitates and reduce their number density with respect to the NbV steel (compare 25±6 nm and 28 ± 10 nm of average particles size in the MoNbV and NbV steels, respectively; 0.8 ± 0.2 μm -2 and 1.3 ± 0.84 μm -2 of particles number density in the MoNbV and NbV steels, respectively, Table 3 ). Absence of Mo and Nb solute atoms and precipitates in the High V steel had to favor DRX of austenite and DT to ferrite. This can be supported by lower critical strains and stresses of DRX and DT in the High V steel ( Table 2 ).
The MoNbV steel has shown the highest hardness of 293 HV, NbV steel with the lowest (265 HV), and High V steel an intermediate value (285 HV). The highest MoNbV steel hardness could originate from the largest GB fraction and a higher solid solution strengthening from Mo and Nb atoms. The relatively high hardness of the High V steel can be related to the high density of random and interphase V-rich precipitates. These were not observed with SEM, but were evident from scanning transmission electron microscopy and atom probe tomography studies of this steel after a slightly different TMP schedule. Further investigation is required for this condition. 
Summary
The investigation of newly developed Mo, Nb and V microalloyed steels has shown that Mo and Nb additions increase the non-recrystallization temperature and critical stresses and strains for onset of dynamic recrystallization. The hot deformation stresses increase with Mo and Nb additions in the deformation temperature range of 1100 -850 °C. This is related to strong solute drag and particle pinning effects of Mo and Nb. The ambient temperature microstructures of all three steels consisted of polygonal ferrite and granular bainite. The bainite area fraction increased with Nb and Mo additions due to the effect of these elements on hardenability. Finer grain size and larger bainite fraction resulted in a higher hardness of MoNbV steel (293 HV) compared to other steels.
